A detailed reaction network for the catalytic wet air oxidation (CWAO) of phenol on a CuO/␥-Al 2 O 3 catalyst is proposed in this study. The reaction network proposed accounts for all detected intermediate products of phenol oxidation overcoming the usual lumping of compounds. The model is composed by several consecutive and parallel reactions. The parameters of the model were adjusted using experimental data obtained from a continuous trickle bed reactor using air as oxidant at different temperatures (120-160 • C) and oxygen partial pressures (0.6-1.2 MPa). Simple power law as well as Langmuir-Hinshelwood (L-H) expressions accounting for the adsorption effects were checked in the modelling of the reaction network. A robust non-linear multiparameter estimation approach called simulated annealing was used to simultaneously evaluate the high number of model parameters (up to 38). Approach by simple power law only succeeded in fitting phenol disappearance. Instead, when L-H expressions are incorporated for the intermediate reaction steps, the model accurately describes all the experimental concentration profiles, giving mean deviations below 8%. In addition, all estimated parameters have physical meaning. In particular, activation energies mostly agree with those reported in the literature.
Introduction
The unfavourable public opinion about some conventional waste management techniques, e.g. incineration, is forcing the development of effective and environmentally acceptable waste treatment suitable to deal with an increasing variety of toxic wastewater. Wet air oxidation (WAO) is considered an emergent technology that economically can depollute organic wastewaters in order to meet the progressively more stringent environmental regulations. In WAO, air or pure oxygen is used to oxidise refractory pollutants either dissolved or suspended in water. However, the complete conversion of organic contaminants into carbon dioxide and water requires severe temperature and pressure conditions, which penalise the economy of the wastewater treatment [1] . The addition of suitable catalysts can accelerate the oxidation rate of the organic substances. Thus, the severity of the conditions needed is lowered, which improves the competitiveness of the catalytic wet air oxidation (CWAO) with respect to WAO and other conventional water treatment processes, e.g. biological oxidation and physical adsorption [2] . The lack of mechanically and chemically stable supported catalysts can be pointed out as the main reason for this technique not to be more widely employed.
When investigating this technology, phenol and derivatives have received great attention, as they are refractory compounds in conventional biotreatments because of their biocide characteristics. Hence, phenol has been used as target compound in both WAO [3] [4] [5] [6] [7] and CWAO [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] conducted either in slurry, rotating basket or trickle bed reactor. These studies demonstrated that phenol could be effectively destroyed at mild temperature and pressure conditions producing a variety of organic intermediates.
The complete oxidation of phenol into carbon dioxide and water follows an extremely complex pathway composed by parallel and consecutive reactions [3] . It is a well known that phenol oxidation occurs by means of a heterogeneous-homogeneous free radical chain mechanism [11, 13] , although the elementary mechanisms of the complete reaction network are not yet fully understood. Hence, the most of the studies dealing with aqueous phenol oxidation pass through global kinetic expressions concerning phenol destruction or even more general characteristics, such as chemical oxygen demand (COD) or total organic carbon (TOC) and very simple reaction schemes. By and large, the wet oxidation scheme for any organic substrate has been frequently simplified [5] to (1) For non-catalytic wet oxidation, some models accounting for free radical reactions involving oxygen and phenol derived radicals have been successfully tested [20, 21] but the models are limited to predict phenol destruction and no reference is made to the histories of the intermediates. Only a few attempts have been made to give more detailed schemes based on lumping of partial oxidation products [11, 18] . As well, the oxidation kinetics of low molecular weight acids have been investigated [22] [23] [24] [25] [26] but, though degradation schemes are proposed, only kinetic analysis for mother compound disappearance or lumped TOC reduction is given. However, the kinetic analysis accounting for all the intermediates is of interest from an environmental point of view, as some partial oxidation by-products are as toxic as phenol itself. On the other hand, kinetic models from CWAO carried out in slurry systems cannot be readily extrapolated to different reaction systems such as, for instance, trickle bed. In slurry systems, polymers are formed by product condensation [7, 9, 10, 12, 18] owing to the low catalyst-to-liquid ratio used. Instead, trickle bed reactor (TBR) avoids the formation of polymers because of the significantly higher catalyst-to-liquid ratio [11, 15] . Nevertheless, little is known about CWAO oxidation of phenol in trickle bed reaction system, which has been just qualitatively discussed or merely explained by means of global kinetics. Hence, process design engineers do need a detailed knowledge of the kinetics as prerequisite for more efficient design and scale-up of continuous CWAO reactors.
The mathematical complexity of a reaction network could prevent a model from being validated from experimental data because of the inability to reach confident kinetic parameters. Methods for parameter estimation differ in the strategies for calculating the parameters but, in general, they can be split in two major groups, i.e. differential and integral methods.
Differential methods are undoubtedly more powerful since they are capable of simultaneously giving information about the reaction order and the kinetic rate constants. Nonetheless, their estimates are poorly confident because a double regression is needed, so they have been abandoned in practice. In the indirect integral methods, the differential equations are first integrated, starting from an initial guess of parameters, for a further data fitting. Often no analytical solutions are available and the integration must be done numerically. Later, an optimisation algorithm is applied to estimate the best parameters. Usually, gradient-based methods are employed in this case. Nevertheless, these methods are very sensitive to the starting set of parameters and frequently fail to reach convergence, especially if only a poor initial guess is available and the model is complex. Direct integral methods overcome the convergence problems since they calculate the estimates by direct numerical integration using the experimental data. Albeit, this introduces a new source of error, which magnifies the uncertainty of the estimates. Some techniques combine characteristics of both indirect and direct integral methods, lowering the impact of the experimental data error on the numerical integration and being simultaneously less sensitive to the starting guess. A robust predictor-corrector integral method successfully tested on complex reaction systems belongs to this group [27] though its main drawback is that it can only be applied to differential equations which are linear with respect to the parameters.
Among the integral methods, in 1960s, analogue computers were used to match empirical data but this trial-and-error search is highly time-consuming so was outdated because only low speed computers were available. Nowadays, as computers speed up, this strategy becomes more competitive, especially when a robust algorithm is required as for complex reaction systems. One of the most promising methods is the simulated annealing algorithm [28] . This is a random search method, which has two main advantages with respect to classical optimisation algorithms. In the first place, it does not have a strong dependence on the starting guess values. Furthermore, it allows escaping from local minima.
The present study is intended to develop a more realistic kinetic model to meet the catalytic aqueous phase oxidation of phenol conducted in a wide range of oxygen partial pressure and temperature using a trickle bed reactor. This model is based on consecutive and parallel simple reactions but also accounts for adsorption of intermediates on the surface of the metal supported catalyst.
Model formulation

Experimental data
The experimental data subjected to kinetic analysis has been recently published [15] . Phenol oxidation was conducted in a packed bed reactor operating in trickle regime. Tests were completed at three temperatures (120, 140 and 160 • C), three oxygen partial pressures (0.6, 0.9 and 1.2 MPa) and space-times ranging from 0 to 1 h. The oxidation was carried out using air in excess as oxygen source. A commercially available catalyst (Harshaw Cu0803 T1/8 manufactured by Engelhard, Houston, USA) was used to enhance the oxidation rate. This catalyst contains a 10% of copper (as oxide) supported over ␥-alumina. Details about the experimental set-up and procedures are given elsewhere [15] and will not be repeated here for conciseness. Intrinsic kinetics governs the process in the above conditions as a preliminary kinetic analysis for phenol disappearance demonstrated [15] .
Since adsorption phenomena of organic compounds could participate in the overall reaction mechanism, phenol adsorption onto the catalyst was tested at 20 • C (±2 • C) in oxic conditions following a standard procedure described in the literature [29] . Furthermore, the adsorption isotherms of the main oxidation intermediates were also obtained as for phenol.
Reaction pathway
Although phenol was effectively destroyed under the above conditions, its mineralisation was not completed as expected. According the classical phenol oxidation scheme proposed in [3] , an exhaustive analysis of the exited stream containing intermediates was performed by a validated HPLC protocol [15] . The analyses showed the main partial oxidation products to be light carboxylic acids such as oxalic, acetic and formic. As well, malonic, maleic and its isomer, fumaric acid, were detected in trace amounts. Throughout the work, maleic acid concentration includes fumaric acid. Finally, measurable amounts of hydroquinone, catechol and benzoquinones were also obtained. No other possible intermediates were detected. In order to contrast the goodness of the analytically determined composition, COD or TOC estimates were compared with experimental COD or TOC resulting in deviations less than 5%, indicating that the carbon mass balance is very reasonably closed.
The analysis of the concentration histories of these intermediates in front of the space-time shows the typical trends of a consecutive-parallel reaction pathway, which favourably agreed with the reactional model stated by Devlin and Harris [3] . This complex reaction network is mostly accepted to explain the oxidation of phenol into carbon dioxide. Some of the intermediates included in that reaction scheme were never isolated in the original investigation but are consistent with the sequential scheme. These compounds are believed to be too short-lived to isolate. Among the intermediates detected by Devlin and Harris, neither succinic nor propionic acids were found in the present study [15] so the corresponding pathway to produce propionic acid from maleic acid was directly removed from the proposed scheme. Propionic acid only appears as final product if succinic acid is formed by hydrogenation of the carbon to carbon double bond in maleic acid. This hydrogenation may occur in some extent only when oxygen is poorly available, which is not the case in the current reaction conditions.
Other possible intermediates not detected were acrylic acid, glyoxal and glyoxylic acid. Acrylic acid comes from decarboxylation of maleic acid and is an intermediate in the pathway to form malonic acid and later acetic acid [3] . Since these two latter intermediates were obtained, acrylic acid should have been formed in our conditions but it is believed to be very unstable showing a short life. On the other hand, since all the oxalic and formic acid produced might exclusively come from muconic and maleic acid, both glyoxal and glyoxylic acid might not necessarily appear as intermediates. Notwithstanding, their absence is also believed to be short-lived compounds. Glyoxylic acid is reported to be considerably more reactive than oxalic acid [24] so, unlike the latter, glyoxylic acid could not accumulate in the system. The very poor fitting obtained when checking kinetic networks not including a direct oxidation step from benzoquinones to oxalic and formic acid also supports this speculation. Finally, direct oxidation of acetic acid into carbon dioxide and water was not considered, as its reaction rate should be negligible at temperatures below 200 • C [23, 24] .
Even being reduced the complexity of the model by removing some pathways, the number of possible reaction networks is still undefined since several possible paths exist for the degradation of some partial oxidation products. For instance, benzoquinones can be degraded via 2,5-dioxo-3-hexenedioic acid, i.e. without passing through maleic acid. The former acid is highly reactive and has not been ever detected as intermediate in phenol oxidation. Thus, benzoquinones could directly yield oxalic acid and/or glyoxal and/or glyoxylic acid. In turn, these two latter can form oxalic acid, formic acid, or even could be directly converted into carbon dioxide. On the other hand, maleic acid could be either decarboxylated to yield acrylic acid or degraded by oxidation to glyoxylic and/or oxalic acid. Acrylic acid was not detected although the subsequent oxidation products, malonic and acetic acid, were indeed obtained. Too, oxalic acid can be directly oxidised into carbon dioxide and water but can also undergo decarboxylation, thus, yielding formic acid. So, as can be seen, the later steps in the phenol oxidation pathway could follow different ways, some of them even at once, which leads to multiple likely reaction pathways.
Over 50 different reaction models were designed and then tested before selecting the best reaction network shown in Fig. 1 . The scheme is summarised in the following reactions: 
The preliminary optimisation trials, carried out by a robust predictor-corrector method [27] , allowed eliminating the most of the models, remaining a basic reaction model that was thoroughly checked later. The final model assumes that phenol firstly undergoes a hydroxylation leading to hydroquinone or catechol; a further oxidation yields the corresponding o-and p-benzoquinone. Then, benzoquinones are degraded in two parallel pathways. In the first path, o-benzoquinone is oxidised to muconic acid which, in turn, rapidly decomposes, stoichiometrically yielding maleic and oxalic acid. This reaction has been observed even at room temperature [3] . The subsequent decarboxylation of maleic acid finally produces malonic acid. Oxygen attack to the carbon to carbon double bond of maleic acid to form oxalic acid is not considered here as a significant path. This is in disagreement with some experimental studies [26] where oxidation of maleic acid largely prevails over thermal decomposition, although these results were obtained at more severe conditions under non-catalytic environment. In our case, all attempts including an oxidation pathway from maleic to oxalic acid failed, so this option was finally rejected. The other path to degrade benzoquinones is assumed to occur through a complex reaction network via glyoxal or glyoxilic acid.
After checking up several possibilities, we consider lumping of benzoquinone destruction, which overall yields one molecule of oxalic acid, one molecule of formic acid, and three molecules of carbon dioxide. Furthermore, direct oxidation, was accepted to be the main path for oxalic acid consumption. Although this step was not included in the original Devlin and Harris mechanism [3] , it is in agreement with the behaviour found in non-catalytic studies [24] , where thermal decomposition was only encountered significant at temperatures beyond 180 • C, whereas direct oxidation into carbon dioxide was the most relevant path.
Obviously, there is a lack of information to doubtless affirm that this is the true pathway for phenol oxidation in the current experimental conditions. However, the model is consistent with the known oxidation and decarboxylation mechanisms and permits to predict confidently the product yield in the range of conditions studied.
Kinetic equations 2.3.1. Power law expressions
Fortuny et al. [15] described phenol destruction from the same experimental dataset using a simple power law expression. Therefore, it seemed reasonable to extend the kinetic modelling to the rest of the reaction network in terms of power law kinetics. The kinetic expression employed was
with
Ω being the reaction order with respect to oxygen. In the present study, the above expression for k ap was modified to incorporate the oxygen mole fraction in the liquid phase, x O 2 , instead of the partial pressure, leading to
This was done because the reactions actually take place in the liquid phase. Thus, the solubility of oxygen characterises the oxygen contribution to the kinetic expression rather than the oxygen partial pressure. Furthermore, the oxygen solubility is not only a function of pressure but also of temperature. Therefore, the oxygen mole fraction in the liquid phase was considered to be more representative. This mole fraction was calculated using the Henry law [30] . The rate form expressed by Eq. (5) was extended to the rest of the reactions in the network. The reaction order of the organic compound was always considered to be unity. This was assumed for all reactions, as in the majority of studies published for CWAO of pure compounds, a first-order dependence with respect to the organic compound is proposed.
L-H type kinetics
The use of Langmuir-Hinshelwood (L-H) expressions was also considered, as they are based on a more realistic description of a heterogeneous catalytic reaction mechanism. The expressions derived assume competitive adsorption of organic species on the same active sites of the catalyst. Then, the rate equation becomes
with j running over the adsorbed species. Obviously, the adsorption constant K i in the nominator corresponds to the reacting compound. The rate parameter k ap is of the same form as in the power law (Eq. (5)), whereas the adsorption constant K presents the form
H being the heat of adsorption. This type of L-H expressions are similar with those used in other studies for CWAO modelling [18, [31] [32] [33] . In addition, adsorption experiments were done using phenol, carboxylic acids and quinone-like compounds. These experiments showed that phenol does not appreciably adsorb onto the catalyst, while organic acids and quinone-like compounds indeed adsorb. Consequently, we considered a model where phenol destruction follows simple power law kinetics and the rest of the reactions are better represented by L-H expressions.
Reactor mass balance
The laboratory TBR used for the kinetic study was modelled according to the following assumptions:
• absence of mass transfer limitations;
• isothermal and isobaric operation;
• constant oxygen partial pressure throughout the reactor; • ideal plug flow to describe TBR behaviour, i.e. neither axial nor radial gradients.
Then, the one-dimensional model [34] can be written in terms of space-time in the following way:
where C is the concentration vector, τ the space-time (τ = catalyst mass/liquid mass flow rate), R the net production rate vector and ρ 1 is the liquid density, supposed to be constant during the experiment. Each component of R corresponds to the net production rates of the respective species, as given below:
The reactor model was numerically integrated with a fourth-order Runge-Kutta method. The precision of the numerical integration was checked by comparing the results from calculations using increasing number of intersection points.
Parameter estimation
In order to fit the model to the experimental data, a non-linear multiparameter estimation approach was followed. Thus, all parameters (i.e. frequency factors, activation energies, reaction orders with respect to oxygen, heats of adsorption and adsorption preexponential factors) were evaluated simultaneously. The designed objective function, Φ, to be minimised was the sum of the absolute errors:
The indexes i, k, n run over the component, the space-time and the experiment, respectively. The choice of Eq. (10) was not trivial. It was selected as the calculated concentration profiles were in good agreement with the experimental ones, both for the high concentration compounds (phenol, acetic, oxalic and formic acid) and the low concentration compounds (dihydric phenols, benzoquinones, malonic acid and maleic acid). The relative least squares criterion was rejected as it produced significant deviations for the high concentration compounds. On the other hand, the sum of squared errors criterion had also to be rejected because the weight of the low concentration components in the objective function was too small. Thus, the model predicted incorrectly even the order of magnitude of their concentrations. Finally, the best-balanced criterion was obtained for the sum of absolute deviations.
Usually, non-linear parameter estimation employs the classical Levenberg-Marquadt algorithm, which is a gradient-based method. However, in this study, the continuous simulated annealing method was selected, since it is much less dependent on the initial parameter guess. The algorithm used in this study is described by Goffe et al. [28] . Simulated annealing is a random search method first applied to thermodynamic calculations for the states of n-body frozen systems [35] , and later used in combinatorial optimisation [36] . An implementation dealing with the classical travelling salesman problem is also easily available in the literature [37] . Recently, the use of simulated annealing has been extended in continuous optimisation [28, 38, 39] . Asprey and Naka [40] in a short review on the current state of art in kinetic parameter estimation, report that this algorithm is very effective, because of its capacity to escape from local minima, thus, overcoming the main inconvenience of the classical gradient methods. However, although the algorithm may escape from several local minima convergence to the global minimum can be mathematically guaranteed only in certain cases and for infinite number of iterations [41] . In a detailed comparison with classical methods, Goffe et al. [28] found that even when simulated annealing could not find the global minimum, it could find a much better local minimum than the classical gradient-based methods. Furthermore, the higher computational cost of this method, when compared to the classical ones, is within the capacity of current computers.
The simulated annealing source code can be obtained freely from Internet (www.netlib.org) in Fortran. The source code corresponding to the calculation of the objective function was independently programmed in Fortran. The resulting program was executed using a conventional Personal Computer running at 700 MHz.
Results and discussion
Power law model
In a first attempt, the reaction was modelled in terms of only power law kinetics. The model had 24 parameters that should be evaluated. Some representative results are shown in Fig. 2 , in which the concentration profiles of phenol, formic acid and malonic acid at 6 bar are presented. In Table 1 , the normalised average error (%) is presented. This was simply calculated as average error divided by the average concentration.
It can be noted that the model predicts satisfactory phenol as well as acetic acid concentration, but the deviations for the rest of the carboxylic acids and quinone-like components are significant, thus, indicating that the fitting of these compounds is not acceptable. Also, it should be pointed out that some of the estimated parameters were not reasonable. For example, the activation energy for the malonic acid decarboxylation, which should not be limited by any diffusion, was calculated to be 5 kJ/mol, which is in the range of diffusion limited processes.
L-H model
Average error
In order to improve the model, L-H expressions were implemented in the reaction rate expressions. Preliminary experimental data, from adsorption experiments, show that phenol did not adsorb on the catalyst, while carboxylic acids and quinone-like components demonstrated to adsorb. Therefore, L-H expression was not applied on phenol disappearance taking into account the above experimental data as well as the good fitting previously obtained using the power law model for phenol. Hence, this model needed the definition of 38 parameters. This new model largely improves the results as can be seen by comparing the calculated average errors, also presented in Table 1 . Although phenol fitting only improved slightly, the average error for the rest of the compounds, including acetic acid, decreased significantly. Overall, the total average error reduced from 10.6 to 7.8% with the use of L-H expressions. 
Concentration profiles
The resulting concentration profiles are shown in Figs. 3-11. It should be pointed out that the model was capable of correctly predicting the profiles of both high, i.e. phenol, acetic acid, oxalic acid, formic acid and low, i.e. dihydric phenols, benzoquinones, maleic acid, and malonic acid, concentration compounds, regardless the three orders of magnitude of difference between them.
In the case of phenol, the model prediction is in excellent agreement with experimental data (Fig. 3) . For quinone-like compounds, i.e. dihydric phenols and benzoquinones, see Figs. 4 and 5, respectively, the model has reasonable agreement considering the precision of the experimental data, which can be assumed to be affected with errors up to 25%. Maleic acid (Fig. 6 ) was detected in trace concentrations, thus, being the component that is probably more subjected to analytical error. Therefore, it is acceptable that the model could correctly predict the concentration scale as well as the general trends, without being in whole quantitative agreement with the experimental values. Calculated malonic acid profiles (Fig. 7) match well with the experimental concentrations, predicting correctly the sharp peak that appears as the temperature rises from 140 to 160 • C. Acetic acid (Fig. 8) is the best-fitted among the components detected. On the other hand, oxalic acid (Fig. 9 ) presents some deviation only at 120 • C, probably because the lumped reaction to yield carbon dioxide, formic acid and oxalic acid is not accurate enough. Finally, with respect to formic acid (Fig. 10) there is only a slight underestimation of the effect of oxygen with respect to the peak, at 160 • C. Globally, given the complexity of the system and con- centrations involved the model is capable to predict extremely well the behaviour of the reaction.
As the model gives the composition of the mixture, simple stoichiometric calculations allow evaluating the COD values of the solution. These were compared with experimental values of COD. Although the model was not fitted to these values, the good agreement between model predictions and experiment values, illustrated in Fig. 11 , also proves its potential.
Model parameters
The values of the calculated parameters are summarised in Tables 2 and 3 . The reported errors were calculated by assuming linear behaviour of the model close to the optimum set of parameters for 95% confidence.
The activation energy for the destruction of phenol was found to be 74.9 kJ/mol. This value falls within the range of values reported in the literature. The values of 85 [9, 10] and 84 kJ/mol [12] reported for similar catalysts (CuO-ZnO-Al 2 O 3 ) favourably agree with that obtained in this work. On the other hand, the oxygen order (Ω = 0.31) differs from the one-half-order more usually encountered. The values estimated here are also slightly different from those evaluated by Fortuny et al. [15] (E a = 85 kJ/mol and Ω = 0.5) using the same experimental dataset. However, this differ- ence can be attributed to the fact that in the above study [15] the kinetic parameters were obtained taking into account only phenol disappearance. Instead, the parameters reported in this study should also match the rate of dihydric phenol generation, which results to a slightly worst fitting of the phenol concentration.
Catechol and its isomer hydroquinone, both termed as dihydric phenol, were here considered as a unique compound. The oxidation of dihydric phenols forms benzoquinones. The activation energy for their oxidation towards benzoquinones was found to be 52 kJ/mol, while the oxygen order was 0.5. These values cannot be compared as, to the best of our knowledge, there is no literature reference reporting any kinetic data for this reaction. However, the activation energy seems reasonable since these compounds are oxidised easier than phenol and do not accumulate considerably in the system. Furthermore, the oxygen order was close to the one-half value, which is typical in CWAO reactions.
As discussed previously, only two of the possible reaction pathways for the oxidation of benzoquinones have been considered in this study, the first one leading to maleic and oxalic acids, while the other one leading to carbon dioxide, formic acid and oxalic acid. The respective activation energies were found to be 54.9 and 44.7 kJ/mol. These values are close to that for the oxidation of dihydric phenols. The corresponding oxygen reaction orders were 0.61 and 0.35. These orders indicate that oxidation rather than decarboxylation reactions are rate determining in this complex reaction pathway. Again these values cannot be compared due to the lack of data in literature, but they are in agreement among each other.
In the classical reaction scheme [3] , maleic acid can be decomposed to form acrylic acid and glyoxalic acid or oxalic acid. Here, only the pathway giving first acrylic acid and, after a large sequence of reactions, leading to malonic acid was taken into account. The activation energy for this reaction was found relatively low, 27 kJ/mol. It is expected that this reaction would have the lowest activation energy as maleic acid was detected only in traces, which indicates that it is readily oxidised. The order in oxygen was 0.52. This is not in agreement with Rivas et al. [42] who found zero-order dependence on oxygen, both for non-catalytic and catalytic maleic acid oxidation. Furthermore, for the non-catalytic case they state that oxidation reaction become significant only above 170 • C, which is higher than the highest temperature in this study. Shende and Levec [26] report a very low oxygen order for the non-catalytic WAO of maleic acid. Yet, as the sequence from maleic to malonic acid involves several oxidation and/or decomposition reactions, it can be argued that the 0.5 dependence encountered does not correspond to maleic acid decarboxylation towards acrylic acid, but rather to another limiting step in the sequence dealing with oxidation, rather than decarboxylation.
On the other hand, malonic acid exhibits a zero-order dependence on oxygen. This was expected as this step is a simple decarboxylation [3] . The activation energy for this reaction was found to be 52.3 kJ/mol, higher than that for maleic acid. This value is comparable with those reported by Mishra et al. [1] for carboxylic acids.
Oxalic acid destruction was found to have high activation energy (91.1 kJ/mol), in agreement with the high activation energies reported for low molecular weight carboxylic acids oxidation. This step showed high dependency on oxygen, giving a 0.80 order. Shende and Mahajani [22] , using a homogeneous solution of CuSO 4 as catalyst, also report dependence on oxygen, although with a significantly lower exponent, 0.321. The calculated order indicates that oxalic acid is directly oxidised to give carbon dioxide, rather than undergoing a decarboxylation to yield formic acid. This seems reasonable as Shende and Levec [25] state that decarboxylation is a very temperature sensitive reaction, reporting that decarboxylation of oxalic acid only becomes significant at temperatures above 180 • C. Moreover, it should be commented that a model with both parallel reactions, oxidation and decarboxylation, was tested without any significant improvement of the obtained profiles and prevailing the oxidation pathway.
On the other hand, formic acid is directly oxidised to give carbon dioxide. The activation energy estimated in this study was 69.7 kJ/mol. This is lower than that given for oxalic acid, being in contrast with the refractoriness noted by Shende and Levec [25] for non-catalytic WAO, although at temperatures and pressures higher than those studied here. Oxygen was found to have an order of 0.23 in the rate equation, being in disagreement with the first-order dependence observed by Baldi et al. [43] and Shende and Mahajani [23] . Nonetheless, Baldi et al. [43] carried out the reaction on a similar catalyst (CuO-ZnO) but at significantly higher temperatures (200-240 • C), while Shende and Mahajani [23] not only carried out the reaction at higher temperatures (150-240 • C), but also using a homogeneous CuSO 4 catalyst. Acetic acid is considered as the most refractory of the carboxylic acids [44] . Thus, it was assumed that acetic acid does not undergo any destruction reaction and it actually appears as end-product. The excellent agreement between predicted and experimental concentration profiles supports this assumption.
As shown in Table 2 adsorption parameters have also been calculated. All heats of adsorption were found to be negative in agreement with literature values reported for lumped compounds [32] . Preliminary adsorption experiments have shown that adsorption takes place for carboxylic acids as well as for quinone-like compounds, so the results have physical meaning. However, there are no reported values in the literature to make any comparison. In addition, for some of them the corresponding error is quite high, making their use for other purposes risky. This can be explained by the fact that they are less dependent on the different pressure and temperature conditions, than the kinetic parameters.
Simulated annealing performance
Finally, a few remarks should be made on the performance of simulated annealing. It is not the scope of this work to make a comparison between this technique with other conventional algorithms. However, it is noteworthy to point out the robustness of this algorithm, as 38 model parameters were evaluated simultaneously. Even when a totally blind initial guess was given, the algorithm succeeded to provide a solution better than that encountered by the Levenberg-Marquadt algorithm, which frequently fails in achieving convergence. This becomes more important as the number of parameters in the system increases and the commonly used procedure of testing several initial guesses becomes time consuming.
Conclusions
A detailed reaction network has been proposed for the catalytic wet air oxidation of phenol over a CuO/␥-Al 2 O 3 catalyst carried out in a trickle bed reactor. The parameters of the kinetic model, 38 in number, involved in the rate equations were obtained by non-linear multiparameter fitting. The model is capable of matching well experimental concentration profiles not only for phenol, but also for the rest of the detected partial oxidation compounds. Overall consistence of the selected network was demonstrated by the excellent prediction of experimental COD data that were not used in the fitting procedure. Thus, a clear progress in kinetic modelling of CWAO was achieved, as currently modelling is just done in terms of lumped pseudo-compounds.
In particular, the use of L-H expressions had a positive effect on the quality of the fitting, since adsorption phenomena cannot be neglected in the solid catalysed reaction system. Thus, the model predictions significantly improved when L-H expressions were incorporated for all intermediate compounds, except for phenol that does not adsorb on the catalyst used, as experimentally found.
The fitting procedure was carried out by means of a non-linear multiparameter approach, employing the simulated annealing algorithm instead of the classical Levenberg-Marquadt algorithm. The use of this robust stochastic method was a key feature in the modelling procedure. In comparison to the commonly used Levenberg-Marquadt method, simulated annealing was found to be much less sensitive to the initial guess of parameters.
